As next-generation sequencing (NGS) and liquid biopsy become more prevalent in clinic and 26 research, for cancer diagnosis, molecular target identification, and disease monitoring, there 27 is an increasing need for better methods to reduce cost and improve sensitivity and specificity 28 of mutation detection. Since NGS has an error rate of around 1%, it is difficult to accurately 29 and efficiently identify mutations with less than 1% frequency in a sample. Here we propose 30 a likelihood-based approach, called Low-Frequency Mutation Detector (LFMD), which 31 combines the advantages of duplex sequencing (DS) and bottleneck sequencing system 32 (BotSeqS) to maximize the utilization of duplicate sequence reads. Compared with DS, the 33 2 new method achieves higher sensitivity (improved by ~16%), higher specificity and lower 34 cost (reduced by ~70%) without involving additional experimental steps, customized adapters 35 or molecular tags. In addition, this method can also be used to improve sensitivity and 36 specificity of other variant calling algorithms by making it unnecessary to remove 37 polymerase chain reaction (PCR) duplicates. 38 39 Introduction 40 41 At the individual level, low-frequency mutations (LFMs) are defined as mutations with allele 42 frequency lower than 5% or 1% in an individual's DNA. LFMs can indicate early stages of 43 cancer and Alzheimer's Disease (AD)(Hoekstra et al. 2016), distinguish samples from people 44 of different ages (Ding et al. 2015), identify disease-causing variants(Wallace and Chalkia 45 2013), predict potential drug resistance(Schmitt et al. 2015), diagnose mitochondrial disease 46 before tri-parental in vitro fertilization(Dimond 2015), and track the mutational spectrum of 47 60 For single cell sequencing, DNA extraction is laborious and exacting, with point mutations 61 and copy number biases introduced during the amplification of small amounts of fragile 62 DNA. To increase specificity, only variants shared by at least two cells are accepted as true 63 variants(Baslan and Hicks 2014). At present, this method is not cost-efficient and cannot be 64 used in large-scale clinical applications because a large number of single cells need to be 65 sequenced to identify rare mutations. 66 67 3 Circle sequencing only utilizes a single strand of DNA, so its specificity is limited by the 68 error rate of PCR. It controls errors to a rate as low as 7.6 × 10 −6 per base sequenced(Lou et 69 al. 2013) while DS can achieve 4 × 10 −10 errors per base sequenced(Schmitt et al. 2012). 70 71 Disadvantages of BotSeqS 72 73
viral genomes, malignant lesions, and somatic tissues (Jabara et al. 2011; Schmitt et al. 2015) . 48
To effectively improve signal-to-noise ratio (SNR) and detect LFMs, researchers have 49 developed methods with stringent thresholds, complex experimental procedures (Hoekstra et are discarded by other methods, to achieve much higher accuracy. However, current methods 56 still have some limitations in detecting LFMs. 57 58 Disadvantages of single cell sequencing and circle sequencing 59 and the potential drawbacks of LFMD and DS. Because the underlying true mutations are 126 known, the true positives and false positives can be calculated. We found that DS made two 127 false positive rare variant calls due to mapping errors, which were not made by LFMD 128 because it avoids mapping errors by skipping the realignment step. In the meanwhile, LFMD 129 is much more sensitive than DS according to Figure 1 and Table S1 . The specificity of 130 LFMD is slightly higher than that of DS shown in Table S2 . in Figure S5 . We controlled almost all parameters to be the same in DS and LFMD and then 141 compared the results although LFMD can achieve much higher sensitivity if we set the 142 minimum number of supporting reads in each read family as 2. We found that mapping 143 quality influenced the performance of both methods. To reduce the influence of mapping 144 quality, we only use all unique proper mapped read pairs to call mutations. The results are 145 shown in Table 1 . unique proper mapped reads of the mouse mtDNA. "DS_only" and "LFMD_only" represent 149 mutations only identified by DS or LFMD respectively. "Overlap" is shown for mutations 150 found by both DS and LFMD. 151 We investigated the discordant mutations one by one. The DS_only mutations are all false 154 positives due to read mapping errors (MT:7G>A and MT:3418T>del) and low sequencing 155 quality (MT:5462T>G). The mapping errors are from the following: 1) DS assigns highest 156 base quality for all bases of double-strand consensus sequence (DCS) (Schmitt et al. 2012 ) 157 even though the base is 'N' and 2) DS introduces more 'N' in DCS reads because the 158 minimum proportion of "true" bases in a read family is set to 0.7 by default (it can be set to 159 0.5 to improve sensitivity (noise), we need to increase the SNR. To increase SNR, we need to either increase the 212 frequency of mutations or reduce sequencing errors. Single cell sequencing increases the 213 frequency of mutations by isolating single cells from the bulk population, while BotSeqS and 214 DS reduce sequencing errors by identifying the major allele at each site of multiple reads 215 from the same DNA template. In this paper, we only focus on the latter strategy. 216
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To group reads from the same DNA template, the simplest idea is to group properly mapped 218 reads with the same coordinates (i.e., chromosome, start position, and end position) because 219 random shearing of DNA molecules can provide natural differences, called endogenous tags, 220 between templates. A group of reads is called a read family. However, as the length of DNA 221 template is approximately determined, random shearing cannot provide enough differences to 222 distinguish each DNA template. Thus, it is common that two original DNA templates share 223 the same coordinates. If two or more DNA templates shared the same coordinates, and their 224 reads are grouped into a single read family, it is difficult to determine, using only their 225 frequencies as a guide, whether an allele is a potential error or a mutation. Thus, BotSeqS 226 introduced a strategy of dilution before PCR amplification to dramatically reduce the number 227 of DNA templates in order to reduce the probability of endogenous tag conflicts. And DS 228 introduced exogenous molecular tags before PCR amplification to dramatically increase the 229 differences between templates. Thus, BotSeqS sacrifices sensitivity and DS sequences extra 230 data: the tags. 231
232
Here we introduce a third strategy to eliminate tag conflicts. It is a likelihood-based approach 233 based on an intuitive hypothesis: that if reads of two or more DNA templates group together, 234 a true allele's frequency in this read family is high enough to distinguish the allele from 235 background sequencing errors. The overview of the LFMD pipeline is shown in Figure 2 . We aim to identify alleles at each potential heterozygous position in a read family (grouped 250 according to endogenous tags). Then based on those heterozygous sites, we split the mixed 251 read family into smaller ones, and compress each one into a consensus read. Finally, we 252 detect mutations based on all consensus reads, which have much lower error rates than 0.1%. 253
254
First, we define a Watson strand as a read pair for which read 1 is the plus strand while read 2 255 is the minus strand. A Crick strand is defined as a read pair for which read 1 is the minus 256 strand while read 2 is the plus strand. The plus and minus strands are also known as the 257 Thus, for each candidate allele , under the null hypothesis Z : 2 = 0, ∈ Ω, and the 286 alternative hypothesis X : 2 ≠ 0, ∈ Ω, the likelihood ratio test is 287
However, as 2 = 0 lies on the boundary of the parameter space, the general likelihood ratio 290 test needs an adjustment to fit X _ . Because the adjustment is related to calculation of a 291 tangent cone (Drton 2009) Interestingly, we finally arrive at a general conclusion that the further adjustment of X _ is not 297 helpful in similar cases although the asymptotic distribution we use is not perfect when is 298 small (e.g., N<5). Alternative approaches might be derived in the future. We also compared 299 Because the null and alternative hypotheses have two and three free variables respectively, 306
the Chi-square distribution has 1 degree of freedom. The P-value of the allele can then be 307
given 308
where cdf( ) is the cumulative density function of the X _ distribution. If 2 is less than a 311
given threshold α, the null hypothesis is rejected and the allele is treated as a candidate 312 allele of the read family. 313
314
Although 2 cannot be interpreted as the probability that Z,2 is true and allele is an error, 315 it is a proper approximation of the error rate of allele . We only reserve alleles with 2 ≤ 316 in both Watson and Crick families and substitute others with "N". Then Watson and Crick 317 families are compressed into several single-strand consensus sequences (SSCSs following the same protocol as described above to serve as library replicates, and one of the 411 DNBs from the same cell line was sequenced twice as sequencing replicates. A total of 8 412 datasets were generated using the BGISEQ-500 platform. MtDNA sequencing was performed 413 on the BGISeq-500 with 100bp paired-end reads. The libraries were processed for high-414
throughput sequencing with a mean depth of ~60000x. 415
416
The data that support the findings of this study have been deposited in the CNSA 417 LFMD is still expensive for target regions >2 Mbp in size because of the need for high 423 sequencing depth. However, as the cost of sequencing continues to fall, it will become 424 increasingly practical. In order to sequence a larger region at reduced cost, the dilution step of 425
BotSeqS can be introduced into the LFMD pipeline. Because LFMD can deal with tag 426 conflicts, the dilution level might be decreased several magnitudes to increase the sensitivity. 427
Additional experiments will be done soon. As the sheering of DNA is not random in the real world, it is safe to set N as 20,000. Ideally, 441 the likelihood ratio test can detect mutations whose frequency is greater than 0.2% in a read 442 family with Q30 bases. Thus, the theoretical limit of minor allele frequency is around 1e-7 (= 443 0.002 / 20000). 444 445 LFMD reduces the cost dramatically mainly because it discards tags. First, for a typical 446 100bp read, the lengths of the tags and the fixed sequences between the tag and the true 447 sequence are 12bp and 5bp respectively. So (12+5) / 100 = 17% of data are saved if we 448 discard tags directly. Second, the efficiency of target capture decreases by about 10% to 20% 449 because of the tags, according to in-house experiments. Third, LFMD can work on short read 450 data of BGISEQ and then 30% to 40% of the cost can be saved because of the cheaper 451 sequencing platform. Totally, the cost can be reduced by about 70%. To eliminate endogenous tag conflicts, we use a likelihood-based model to separate the read 456 family of the minor allele from that of the major allele. Without additional experimental steps 457 and the customized adapters of DS, LFMD achieves higher sensitivity and specificity with 458 lower cost comparing with by far the best method, DS. It is a general method that can be used 459 in several cutting-edge areas and its mathematical methodology can be generalized to 460 increase the power of other NGS tools. 
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